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ABSTRACT: In the present contribution, we report how through the use of metal-organic frameworks (MOFs) composed 
of addressable combinations of up to four different metal elements it is possible to program the composition of multi-metal 
oxides, which are not attainable by other synthetic methodologies. Thus, due to the ability to distribute multiple metal 
cations at specific locations in the MOF secondary building units it is possible to code and transfer selected metal ratios to 
multi-metal oxides with novel, desired compositions through a simple calcination process. The demonstration of an en-
hancement in the electrocatalytic activity of new oxides by pre-adjusting the metal ratios is here reported for the oxygen 
reduction reaction, for which activity values comparable to commercial Pt/C catalysts are reached, while showing long 
stability and methanol tolerance.
INTRODUCTION
Materials that are able to modulate their chemical composi-
tion through the combination of various elements while pre-
serving their overall structure are scarce. Thus, the introduc-
tion of various metal elements in a same compound is syn-
thetically challenging because typically a mixture of phases is 
obtained.1 In this context, metal-organic frameworks, MOFs, 
are demonstrating to be a suitable class of materials to com-
bine multiple metal elements within a same structure type.2
MOFs are reticular materials formed by the joining of metal 
cations through organic linkers, giving rise to solids with ex-
tended, porous frameworks.3 In MOF chemistry, it is possible 
to introduce more than one metal cation within a given frame-
work by following different synthetic approaches, ranging 
from post-synthetic transmetalation4-5 to one-pot synthesis 
with multiple cations.6-7 MOFs prepared with multiple metal 
cations exhibit properties that differ from their single-metal 
counterparts, such as enhancement in gas sorption selectiv-
ity,8 luminescent properties,9 mechanical properties,10or cata-
lytic activity.11-12 Recently, we have showed that MOFs offer a 
suitable platform to incorporate various combinations of 
metal cations in a controllable way within a same crystal struc-
ture.13 Judicious selection of inorganic secondary building unit 
(SBU), network topology, and initial molar ratios resulted in 
the formation of a series of isoreticular materials incorporat-
ing various metal-cation sequences formed by two or three el-
ements. On the other hand, the use of MOFs as precursors to 
obtain other classes of solids though thermal treatment has 
emerged as an alternative to traditional synthetic routes, of-
fering the possibility to transfer some of the MOF structural 
features to the resulting materials.14-16 In consequence, MOFs 
have been used to produce different types of metal oxides and 
metal oxide/carbon materials with unprecedented nanostruc-
tures, which find application in renewable energy technolo-
gies, such as metal-air batteries, fuel cells, and water electro-
lyzers through their use as catalysts for efficient and stable ox-
ygen reduction reaction (ORR) and oxygen evolution reaction 
(OER).17-20
Following this line, in the present contribution we demon-
strate that i) it is possible to produce MOFs incorporating 
complex metal arrangements composed of four different 
metal cations; ii) this compositional complexity emerging 
from the control on the cation arrangements can be translated 
to other classes of active solids by using MOFs as precursors. 
In particular, we show that thermal treatment of multi-metal 
MOFs with selected metal arrangements is an effective way to 
prepare multi-metal oxides with spinel structure and selected 
compositions; iii) the composition of the resulting spinel type 
oxides can be programmed from the MOF synthesis step, re-
sulting in adjustment of their activity as electrocatalyst in the 
ORR. Consequently, we have prepared a series of oxides with 
spinel structure, some of them with compositions that have
not been reported previously, including zinc, cobalt, manga-
nese and calcium in the same material. Our results show that 
spinel type oxides with unprecedented compositions can be 
prepared from multi-metal MOFs following a simple thermal 
treatment, exhibiting catalytic activity that is comparable to 
that of commercial Pt/C catalyst in terms of current density 
(97.2%), preserving the activity after 5000 seconds, and with-
out suffering from poisoning effects due to presence of meth-
anol.  
EXPERIMENTAL SECTION
MOF synthesis
General synthetic procedure for all the MOFs involve the dis-
solution of the selected metal salts and the organic linker in a 
water:ethanol:nitric acid solvent mixture, followed by heating 
at 170 °C overnight. An illustrative example of the synthesis 
procedure is given here for the compound with formula 
Zn0.23Mn0.44Co0.33(hfipbb): 4,4’-(hexafluoroisopropy-
lidene)bis(benzoic acid) (C17H10O4F6, H2hfipbb) (78 mg, 0.2 
mmol), Zn(NO3)2·6H2O (11 mg, 0.047 mmol), MnCl2·6H2O (29
mg, 0.147 mmol) and Co(NO3)2·6H2O (43 mg, 0.147 mmol) 
were dissolved in 5 mL of distilled water and 5 mL of absolute 
ethanol and 300 μL of a 1 M HNO3 solution. The mixture was 
stirred at room temperature for 5 minutes, placed in a Teflon‐
lined steel autoclave, and heated at 170 °C overnight. After 
cooling to room temperature, blue needle shaped crystals 
were filtered off, washed with water and acetone, and dry un-
der vacuum. Yield: 32 mg, 24% (based on linker). All other
MOFs were similarly prepared using the amounts of metal salt 
specified in table S1, and keeping the same amounts of linker 
and solvents. The CHN and ICP analyses are contained in ta-
ble S2.
Multi-metal oxide synthesis.
Multi-metal MOFs (100 mg) were subjected to a standard cal-
cination process consisting of a thermal treatment in air, at 
800 °C for 24 hours, with a heating rate of 2.5 °C / min in a 
zirconia crucible.
Single crystal X-ray diffraction 
Crystals were selected with a polarized optical microscope for 
a single crystal X-ray diffraction experiment. Single crystal X-
ray data were collected in Bruker four circle kappa-diffractom-
eters equipped with a Cu INCOATED microsource, operated 
at 30 W power (45 kV, 0.60 mA) to generate Cu Kα radiation 
(λ = 1.54178 Å), and a Bruker VANTEC 500 area detector (mi-
crogap technology). Diffraction data were collected exploring 
over the reciprocal space in a combination of φ and ω scans to 
reach a resolution of 0.85 Å, with a completeness > 95%, and 
redundancy >3. For this, either a generic quadrant collection 
strategy or a specific one determined using Bruker APEX3 soft-
ware suite was used. The exposure time was adjusted based on 
the size and diffracting quality of the specimens, each expo-
sure covering 1° in ω or φ. Unit cell dimensions were deter-
mined for least-squares fit of reflections with I>4σ. The struc-
tures were solved by intrinsic phasing or direct methods, im-
plemented in SHELX package. The hydrogen atoms were fixed 
at their calculated positions using distances and angle con-
straints. All calculations were performed using APEX3 soft-
ware for data collection and OLEX2-1.221 and SHELXTL22 to re-
solve and refine the structure. All non-hydrogen atoms were 
anisotropically refined. It should be noted that the chemical 
composition deduced from the X-ray diffraction data do not 
necessarily correspond with that of the bulk analytically de-
termined, due to the close atomic number of the employed el-
ements. Therefore, ID codes are given based on the CHN/ICP 
analyses for all samples. Tables S3-S20 summarize the crystal 
and refinement data of all MOFs compositions.
X-ray powder diffraction
Powder X-ray diffraction (PXRD) patterns (figures S1-S3 and 
S15-S18) were measured with a Bruker D8 diffractometer with 
a copper source operated at 1600 W, with step size = 0.02 ° and 
exposure time = 0.5 s/step for MOFs measurements and step 
size = 0.016 ° and exposure time = 1.5 s/step for calcination 
products.
Neutron powder diffraction 
Neutron powder diffraction experiments were performed on 
the high-intensity powder diffractometer D1B and high reso-
lution HRPT powder diffractometer at the Institut Laue-
Langevin in Grenoble (France) and Paul Scherrer Institut 
(Switzerland), respectively. The samples were contained in 5 
mm cylindrical vanadium cans and placed inside a cryostat. 
The data sets were collected with calibrated neutrons of wave-
lengths 2.5260 Å and 1.4939 Å for D1B and HRPT, respectively.
ORR activity
The ORR activity was investigated using an Autolab 
PGSTAT302N with a three-electrode setup. A platinum mesh 
and an Ag/AgCl/KCl (0.1 M) were used as counter and refer-
ence electrodes, respectively. The active material was pre-
pared mixing 3.5 mg of super P carbon black and 1.5 mg of the 
corresponding catalytic oxide with 47.5 µL of Nafion 177 and 
117 µL of absolute ethanol. The mixture was sonicated for 15 
minutes. The glassy carbon rotating-disk-working electrode 
(RDE, 4 mm in diameter) was polished and coated twice, by 
drop casting, with 3.5 µL of slurry. All electrochemical meas-
urements, including cyclic voltammograms (CV), linear sweep
voltammograms (LSV) on a RDE at a rotation rate of up to 
2000 rpm and chronoamperometry, were performed at room 
temperature in 0.1 M KOH solutions, previously purged with 
high purity either nitrogen or oxygen for at least 1 hour. Both 
CV and LSV were recorded at 10 mVs-1 scan rate and the po-
tential window ranged from 0.0 to -0.8 V. The stability and 
tolerance of the materials to methanol (CH3OH) crossover 
was studied by chronoamperometry measurements, which 
were performed at 1600 rpm over 5000s and upon the addition 
of CH3OH (0.3 M final concentration) to the O2-saturated 0.1 
M KOH electrolyte.
RESULTS AND DISCUSSION
The role of zinc as structure directing element in 
multi-metal complex MOFs
In our previous work, we demonstrated that the incorporation 
of multiple metal elements within a same MOF crystal can be 
accomplished with control over the disposition of the metal 
cations.13 In particular, we showed that zinc, cobalt, manga-
nese, and/or calcium can be combined in a SBU and their 
atomic arrangements in the SBUs addressed through the right 
combination of the initial molar codes (i.e., molar ratios), as 
consequence of the differences in the coordination environ-
ment of the selected metal elements. A series of isoreticular 
materials were prepared, with a structure based on the MOF 
known as ZnPF-1 (Zn-hfipbb),23 which consists of helical 
shaped inorganic SBUs composed of zinc atoms in tetrahedral 
coordination environment. Cobalt, manganese, or calcium at-
oms with octahedral coordination environment were intro-
duced in the SBU, resulting in a change in the crystal sym-
metry, while preserving the original network topology (Figure 
1). Furthermore, we found that cobalt atoms might be found 
in both tetrahedral and/or octahedral environment depending 
on the selected initial molar ratios, while manganese and zinc 
cations are exclusively in octahedral or tetrahedral coordina-
tion, respectively. These differences in the preferential envi-
ronments for the metal cations allowed us to produce differ-
ent metal cation arrangements in the inorganic SBUs. By ad-
justing the initial three-element molar code it is possible to 
address the location of cobalt cations in the SBUs. Following 
these findings, we decided to evaluate whether it would be 
possible to introduce different combinations of metal cations, 
with the ultimate goal of demonstrating that the metal ar-
rangements and ratios might be translated to metal oxides af-
ter MOF calcination, as described below.
FIGURE 1. The multi-metal MOF is formed by the combina-
tion of different cations (Zn2+, Co2+, Mn2+ and Ca2+) forming a 
helical inorganic SBU, and the organic linker H2hfipbb (left).
The helical shaped inorganic SBUs are formed by alternating 
tetrahedral and octahedral coordination polyhedra. The SBUs 
contain 2, 3 or 4 different metal elements (right).
All the previously reported members of this family of materials 
include zinc in their composition, as the addition of this ele-
ment was found to be necessary to yield the desired MOF type, 
suggesting a structure directing role of this element. To study 
to what extend this is accurate, we first decreased the relative 
amount of zinc to produce MOFs with higher content of man-
ganese and cobalt. Generally, when synthesis experiments 
were carried out with the use of either cobalt or manganese, 
and low amount or absence of zinc, other crystalline phases 
were obtained.12 However, we found that it is possible to ob-
tain the same MOF topology in absence of zinc provided that 
cobalt and manganese are combined at appropriate ratios, alt-
hough the product was obtained only with low yield (9 mg, 7% 
based on ligand). A MOF was thus prepared from a Mn:Co 1:1
ratio with the resulting composition of Mn0.41Co0.59(hfipbb). 
Single crystal X-ray diffraction analysis shows a unit cell in 
which the c parameter is twice that of the ZnPF-1 MOF, and a 
SBU with alternating octahedral and tetrahedral sites (as it 
happens in previously reported Zn:Mn and Zn:Co members of 
the series). Manganese atoms are in octahedral environment, 
while cobalt cations are mostly in tetrahedral one, with some 
of them in octahedral environment, partly replacing the man-
ganese positions. Neutron powder diffraction analysis further 
supports this metal cation arrangement, also showing that 
there is no temperature dependent structural change in the 
298 K to 10 K range (Figure S4).
Despite this experiment shows that it is possible to obtain the 
same MOF topology in absence of zinc, the resulting yield is 
very low (7%). Moreover, all other explored combinations of 
Co:Mn molar codes were not successful in obtaining this MOF 
type. Therefore, the role of zinc as structure directing element 
in the achieving of this MOF topology come out evident, being 
required to afford an inorganic SBU that otherwise has shown 
adaptability and dynamism for including multiple elements 
with variable coordination environments. 
Obtaining new ternary and quaternary multi-metal
MOFs with programmed composition
Based on the previous success preparing Zn-Mn-Co MOFs 
with various cation arrangements, we prepared five new ter-
nary multi-metal MOFs combining Zn, Co, and Mn with new 
metal-cation ratios (table S1, entries 1-5). In line with our pre-
vious observations, and due to the different incorporation ki-
netic of the metal cations, it was necessary to start with a high 
amount of cobalt in order to obtain MOFs with a large content 
of this element in their composition. This is in contrast to the 
case of manganese, which is more homogeneously incorpo-
rated in all the cases. 
In addition to ternary systems, we have now expanded the 
number of different cations that can be incorporated up to 
four elements. Previously, we already showed that calcium can 
be introduced in this MOF structure when combined with 
zinc and either cobalt or manganese.12 Now, we have synthe-
sized eleven new quaternary multi-metal MOFs combining 
zinc, cobalt, manganese and calcium. Ultimately, we have pre-
pared these materials to demonstrate that metal oxides with 
new compositions including these four elements can be pro-
duced from MOFs, and that their electrocatalyitc activity is 
subsequently enhanced. The employed molar codes and the 
resulting MOF formulae are given in table S1, entries 6-16. In 
all cases, the resulting MOF structures exhibit SBUs where the 
cations are in octahedral and tetrahedral coordination envi-
ronments, without any compositional gradient, as demon-
strated by the neutron powder diffraction and SEM-EDS ex-
periments (figures S6-S9 and S12-S14). 
The analysis of the obtained metal arrangements shows that 
the combination of four elements in the initial molar codes 
results in a complex behavior with and interplay of the four 
cations, so that a direct relationship between input and output 
ratios is not evident. Use of an equimolar code (1:1:1:1) results 
in a low incorporation of calcium into the MOF with compo-
sition [Zn0.42Mn0.42Co0.11Ca0.06(hfipbb)]. Increasing the initial 
amount of calcium results in a larger incorporation of this el-
ement, although this increment is not linearly related to the 
starting amount, as demonstrated by the material prepared 
from a 1:1:1:7 molar code (table S1, entry 8). This can be ex-
plained by the fact that calcium atoms will only be occupying 
sites with octahedral environment in the SBU, which are read-
ily occupied by manganese atoms. However, if the relative 
amount of calcium and cobalt are simultaneously increased, a 
higher incorporation of calcium is achieved. Thus, the MOF 
prepared from a 1:1:4:4 molar code exhibits a 
Zn0.18Mn0.24Co0.41Ca0.16(hfipbb) formula. This observation was 
consistent with our previous work, where we already found 
that in ternary Zn:Co:Ca systems the amount of calcium in-
creased when there is larger presence of cobalt.13 We hypoth-
esized with the fact that presence of cobalt – calcium pairs in 
the SBU might be favored over zinc – calcium ones. Indeed, 
the MOF with the largest amount of calcium was obtained in 
absence of zinc, and the material prepared from a Mn:Co:Ca 
1:2:2 molar code has a Mn0.23Co0.50Ca0.27(hfipbb) formula. Sin-
gle crystal X-ray diffraction analysis shows a SBU with cobalt 
atoms in tetrahedral environment, and calcium and manga-
nese atoms in octahedral coordination environment. This par-
ticular result seems to indicate that certain dyads of metal cat-
ions might also play a structure directing role analogue to 
zinc, although further experiments are necessary to confirm 
to what extend this can be generalized to other metal element 
combinations. 
Obtaining of multi-metal oxides with programmed 
composition through multi-metal MOF calcination
Through our developed method to produce complex multi-
metal MOFs, we have in hand an array of materials with pre-
cise control of the metal cation distribution, which in princi-
ple could be advantageous to obtain oxides with compositions 
that are not attainable following other synthetic routes (Fig-
ure 2). In principle, the ability to pre-organize various cations 
at desired ratios in the helix-shaped SBU of this MOF provides 
a platform to adjust the composition of MOF derived materi-
als. Thus, we proceeded to expose the MOFs to a calcination 
process, and the structure type of the resulting oxide was an-
alyzed with the use of PXRD (Figures S15-S18). Results of the 
obtained oxides are summarized in table S21. 
Multi-metal MOFs were subjected to a standard calcination 
process (1), consisting of a thermal treatment in air, at 800 °C 
for 24 h, with a heating rate of 2.5 °C / min, to obtain the cor-
responding multi-metal oxides preserving the metal ratios.
(1) 3[ZnwMnxCoyCaz (C17H8O4F6)] + 48.5O2 
(Zn3wMn3xCo3yCa3zO4 ) + 51CO2 + 3H2O + 18HF
Thermal gravimetric analysis of the corresponding MOFs in-
dicate that the decomposition of the materials occurs at 500 
°C, with no additional weight loss at higher temperature (fig-
ures S19-S21). Therefore, the organic linker is fully combusted 
at the employed calcination temperature. A CHN elemental 
analysis for calcined samples further confirmed the absence of 
any organic species in the resulting solids, which were addi-
tionally characterized with the use of SEM, TEM, PXRD, and 
EDS. Field emission SEM images show that the MOF crystals 
morphology is maintained in the resulting oxides after the 
heating process (figures S22-S24).24 The resulting solids are 
composed of crystallites of size in the range 30 to 2 µm, which 
are aggregated preserving the shape of the precursor MOF 
crystal (Figure 3). The SEM-EDS (figures S25-S27) and TEM-
EDS (figures S28-S29) analyses present consistent results and 
demonstrate a clear correspondence between the metal ratios 
in the aggregates and the individual particles (figure 4). For 
the sake of comparison, we also studied the MOF prepared 
with zinc as only metal cation (ZnPF-1).23 As expected, calci-
nation of ZnPF-1 resulted in the formation of wurtzite type ox-
ide, according to the PXRD pattern (figure S15A). 
FIGURE 2. Thermal decomposition of multi-metal MOFs al-
low the obtaining of multi-cation oxides with compositions 
not attainable with conventional oxide synthetic routes. The 
metal ratios in the resulting oxides are transferred from their 
correspondent parent MOFs. 
Binary Zn:Co, Zn:Mn, and Zn:Ca systems
Binary systems consisting of zinc and cobalt resulted in a mix-
ture of crystalline phases, which were identified as wurtzite as 
major phase, mixed with spinel type oxide. Calcination of the 
MOF formed from Zn:Co 1:10 molar code and formula 
Zn0.21Co0.79(hfipbb), results in the formation of cubic spinel ox-
ide as major phase, although with presence of a small amount 
of wurtzite (figures S15E). TEM and EDS analyses of this solid 
indicate that the formed oxide particles do not have a homo-
geneous composition. This is not surprising, as the parent 
MOF crystals exhibited a clear compositional gradient, with 
internal and external areas being rich in zinc or cobalt, respec-
tively (figures S28A-C). Similarly, calcination of binary sys-
tems composed of zinc and calcium also resulted in formation 
of wurtzite oxide, and in the cases where there is a larger 
amount of calcium in the MOF, the presence of fluorite was 
also detected (figures S18G-H and S28D-E). Calcination of the 
MOF formed from Zn:Mn 1:1 molar code resulted in a mixture 
of phases containing hetaerolite (tetragonal) and spinel (cu-
bic) type oxides as major phases, as well as traces of other crys-
talline phases that could not be unambiguously identified (fig-
ure S15F). 
Ternary Zn:Mn:Co, Zn:Mn:Ca, Mn:Co:Ca systems
On the other hand, the calcination of ternary multi-metal 
MOFs including zinc, manganese, and cobalt, resulted in the 
formation of spinel type oxides. When the initial Zn molar ra-
tio was higher than 30 at%, other crystalline phases were also 
detected in the PXRD patterns, (mainly wurtzite). By decreas-
ing the amount of zinc in ternary multi-metal MOFs, we were 
able to obtain spinel type oxides as only product of the calci-
nation process, as proved by the PXRD, SEM and TEM anal-
yses. Thus, seven new multi-metal oxides with cubic spinel 
structure were prepared from the calcination of the corre-
sponding multi-metal MOFs (figure 5A and S16-17A). Their 
compositions are detailed in table 1, entries 1-7.
FIGURE 3. The figure shows MOF-crystal SEM pictures in 
the left column, and FESEM images of the corresponding cal-
cined product, and its magnification images (x200,000), in the 
right column. A) Zn0.17Mn0.45Co0.48(hfipbb) crystal SEM image; 
B) FESEM picture of corresponding calcined product with for-
mula Zn0.51Mn1.35Co1.14O4; C) Mn0.23Co0.50Ca0.24(hfipbb) crystal 
SEM image; D) FESEM picture of  Mn0.23Co0.50Ca0.24(hfipbb) 
calcined product resulting in a cubic spinel with formula 
Mn0.69Co1.50Ca0.81O4;  E) Zn0.16Mn0.47Co0.33Ca0.03(hfipbb) crystal 
SEM image; F) FESEM picture of calcined product of 
Zn0.16Mn0.47Co0.33Ca0.03(hfipbb) resulting in a cubic spinel with 
formula Zn0.48Mn1.41Co0.99Ca0.09O4.
FIGURE 4. A) SEM-EDS analyses and B) TEM-EDS analyses 
from Zn0.36Mn1.26Co1.38O4 spinel. Orange spots indicate the ar-
eas where EDS were performed. Plot (right) shows the metal 
ratios by EDS analyses, where each column corresponds to the 
area indicated by a number in the SEM pictures.
In the case of ternary multi-metal MOFs prepared from molar 
codes including zinc, manganese, and calcium, spinel oxides 
were also formed, but mixed with wurtzite and to less extent 
with other crystalline phases that could not be unambiguously 
identified (figure S15-18). However, calcination of the MOF 
prepared from a molar code Mn:Co:Ca 1:2:2 also resulted in the 
obtaining of spinel type oxide as only phase (figure 5B and
S18F). In this case, as deduced from the experimentally deter-
mined formula of Mn0.69Co1.50Ca0.81O4, an inverse spinel 
should be formed, with cobalt atoms occupying tetrahedral 
sites, and manganese and calcium atoms at the octahedral 
sites. 
FIGURE 5. Full pattern profile refinement plot of A) 
Zn0.51Mn1.35Co1.14O4 spinel with Fd-3m space group (a = 8.260 
Å); B) Mn0.69Co1.50Ca0.81O4 spinel with Fd-3m space group (a = 
8.211 Å); C) Zn0.48Mn1.41Co0.99Ca0.09O4 spinel with Fd-3m space 
group (a = 8.306 Å).
Quaternary Zn:Mn:Co:Ca systems 
Multi-metal spinel oxides containing four elements were read-
ily obtained by calcination of the selected quaternary multi-
metal MOFs. Thus, calcination of the MOF with composition 
Zn0.42Mn0.42Co0.11Ca0.06(hfipbb) results in the obtaining of an 
oxide with cubic spinel structure (figure S17) and formula 
Zn1.26Mn1.26Co0.33Ca0.18O4, as determined by ICP analysis (fig-
ure S16). To the best of our knowledge, this is the first time 
that spinel oxides are obtained incorporating Zn, Mn, Co, and 
Ca in their structure. Most importantly, different metal com-
binations initially programmed in the selected quaternary 
multi-metal MOFs could be translated to the spinel oxides 
(figures 5C and S17-18). Thus, a series of eight tetra-cation spi-
nel oxides with variable composition and general formula 
ZnwMnxCoyCazO4 have been obtained (table 1, entries 8-15), 
where 0.39<w<1.26, 0.72<x<1.26, 0.33<y<1.56, and 0.09<z<0.66. 
However, it should be noted that certain limitations for the 
obtaining of spinel as sole phase where observed regarding the 
combination of metal elements in the selected MOF. Thus, for 
MOFs with a low content of manganese, as in the case of the 
material prepared from molar code Zn:Mn:Co:Ca 1:1:4:8, pres-
ence of wurtzite and other crystal phases were detected in the 
PXRD pattern of the calcined solid, along with the spinel oxide 
(table S21, entry 30 and figure S18D).  Conversely, when start-
ing from a MOF with a large amount of zinc in the molar code 
(Zn:Mn:Co:Ca 2:1:2:2), wurtzite and another unknown phase 
were formed along with the spinel oxide (table S21, entry 27
and figure S18A). Interestingly, the maximum amount of zinc 
allowed for the obtaining of pure spinel oxides avoiding the 
appearance of wurtzite is larger in quaternary multi-metal 
MOFs than in ternary systems, demonstrating the importance 
of the initial cation arrangement of the MOF precursor on the 
structure of the obtained oxides. Nevertheless, we emphasize 
the suitability and wide applicability of this process to prepare 
a range of spinel type oxides with novel, desired compositions, 
easily translated from MOFs with programmable cation ar-
rangements, with a simple calcination process. Furthermore, 
at the view of these initial results, we anticipate that other 
types of mixed-metal oxides can be obtained through the ju-
dicious selection of MOF topology, SBU type, and cation ar-
rangement. Synthetic studies are currently ongoing in this di-
rection.
Evaluation of multi-metal spinel oxides as ORR elec-
trocatalysts. 
Current benchmark catalysts for the ORR are based on the use 
of platinum, but metal scarcity, its high cost and inherent de-
activation problems have fostered an intensive search for al-
ternatives. As a result, a wide spectrum of materials such as 
transition metal-/metal oxide nanoparticles,25 perovskites,26 
spinels and heteroatom doped 3D and 2D carbonaceous ma-
terials27 are being analyzed as substituting candidates. Among 
them, transition metal spinels show not only an affordable 
cost but also the most promising performance as both ORR 
and OER electrocatalysts.28 Among the list of transition met-
als employed, spinel materials based on Mn, Co, Fe and Ni 
have been widely studied due to their outstanding perfor-
mance, which is strongly dependent on subtle changes in 
composition. For example, it has been proposed that in 
MnxCo3-xO4 spinel oxides, the activity improves when x ≤ 2.0 
because Co3+ and Mn3+ cations present an internal redox reac-
tion that generates Co2+ and Mn4+ pairs, responsible for an in-
crease in conductivity.29 
Recently, the use of bimetallic Mn-Co MOFs to obtain multi-
metal-spinel oxides has been reported. However, other crystal 
phases might appear during the thermal treatment.30 In addi-
tion, when the spinels have been obtained as pure phases, dif-
ferences in the structure were found depending on the 
amount of manganese and cobalt present, finding that mixed 
MnxCo3-xO4 spinels with a high content of manganese have a 
tetragonal structure (space group I4-2m) while spinels rich in 
Co are cubic (space group Fd-3m).31 Zn-Co multimetal MOFs 
have been used also to obtain cubic Zn-Co spinel oxides.32 
Following our methodology to translate compositional com-
plexity from multi-metal MOFs to oxides, we have evaluated 
seventeen tri- and tetra-metallic spinel oxides with unprece-
dented compositions as electrocatalysts for ORR. First, we in-
vestigated the electrochemical activity of the samples towards 
the ORR by running cyclic voltammetry (CV) in both O2 and 
N2 saturated electrolyte solutions. In all cases CV curves in N2
saturated electrolyte showed a quasi-rectangular shape with-
out any redox peak (figures S30-S32) indicating the good sta-
bility of the materials in the studied potential window. Inter-
estingly, voltammograms of all the samples in O2-saturated 
electrolyte exhibited a clear cathodic peak centered between 
0.3 and 0.42 V probing the electrocatalytical activity of the 
samples (figures S30-S32). Even though all multi-metal spinel 
oxides show activity towards the ORR, they present a rela-
tively large overpotential of 200-290 mV, as compared to that 
of the commercial Pt/C catalyst. One approach to decrease the 
overpotential of a specific reaction is to load the active mate-
rial in a more conductive support (e.g., carbon nanotubes, gra-
phene).33-37 In the present study, samples were evaluated after 
being mixed with active carbon and Nafion as a binder. How-
ever, given no strong coupling between the carbon and the ac-
tive material (in this case the MOF derived spinel) no major 
change in the local electron transfer was expected and thus, 
the overpotential was still large.37 
The Koutecky-Levich (K-L) plots obtained from the corre-
spondent LSVs at different rotation speeds present a good lin-
earity, indicating that current was mainly kinetically con-
trolled (figures S33-S38). Table 1 summarizes the number of 
transferred electrons (Ne, obtained from the K-L analysis), 
and the current density of each sample expressed as % of cur-
rent density measured for commercial Pt/C(20%w). The sys-
tematic translation of compositional complexity from multi-
metal MOFs to oxides allows extracting important infor-
mation when the evaluation of the sample compositions is 
done. Thus, analysis of Zn-Co-Mn spinels, including solids 
with Zn0.36Mn1.26Co1.38O4, Zn0.66Mn0.96Co1.38O4, 
Zn0.69Mn1.32Co0.99O4, Zn0.51Mn1.23Co1.26O4, Zn0.36Mn1.17Co1.47O4, 
Zn0.30Mn1.20Co1.50O4 and Zn0.51Mn1.35Co1.14O4 composition (Ta-
ble 1 entries 1 to 7), evidences a strong influence of the ratios 
of all three different elements on the catalytic performance. 
A simple correlation between composition variation and ac-
tivity is not evident, and rather a complex behavior is ob-
served. Recently,36 a correlation between the Mn/Co ratio and 
electrocatalytic activity due to superexchange effects between 
the octahedral sites has been reported for Zn:Co:Mn spinels 
where the tetrahedral sites are occupied by zinc. In our case, 
the tetrahedral sites are occupied not only by zinc, due to the 
sample metal ratios, and thus other effects should also influ-
ence the catalytic activity. We are currently investigating the 
distribution of the metal cations in the spinel structure to de-
termine the occupancy of each site. Nevertheless, we have 
found that samples containing the three metal elements (i.e., 
Zn, Mn and Co) also exhibited a major contribution of the 4 e-
transfer mechanism and larger current densities (see Figure 
6). Among the evaluated samples, the oxide with 
Zn0.51Mn1.35Co1.14O4 composition (table 1, entry 7) demon-
strated the best performance, with a high limiting current 
density value (91.4% of that found for commercial Pt based 
catalysts) and a number of transferred electrons close to four 
(3.80). 
When comparing these results with the performance of the 
trimetallic sample containing Mn, Co and Ca 
(Mn0.69Co1.50Ca0.81O4, table 1, entry 17), we realized that this 
spinel also exhibited an excellent behavior as catalyst in the 
ORR with a slightly lower current density of 87.2% compared 
with Pt/C(20 wt %) and a large contribution of the 4 electron 
transfer mechanism (Ne of 3.82) (Figure 7a). Despite calcium 
as such is not active towards the ORR, its presence in the spi-
nel structure influences the overall activity. For example, it 
may enhance O2 adsorption,37 and moreover, calcium cations 
should be exclusively occupying octahedral sites (unlike Zn 
which preferentially occupies tetrahedral sites), therefore in-
ducing the inversion of the spinel structure and altering Mn 
and Co oxidation states.38 Furthermore, when comparing with
Table 1. The starting molar codes, corresponding MOFs, spinel formula, electron tranfer number (Ne), calculated 
from the slope of their Koutechy-Levich plot in ORR, and current density are shown in columns 2, 3, 4, 5, and 6, 
respectively.  Entries 1-2 MOFs were prepared according to reference 12. 
the bimetallic Mn-Co spinel (table 1, entry 16), it becomes ap-
parent that in this case the presence of calcium atoms im-
proves the performance in terms of both current density and 
number of electrons. 
Following we sought to study the performance of the newly 
prepared spinel oxides incorporating four different cations. At 
the view of the results of the tested materials, we noticed that 
the solid with the highest content of calcium did not show any 
improvement compared to the previously evaluated materials. 
Thus, the spinel with composition Zn0.63Mn0.81Co0.90Ca0.66O4
(table 1, entry 15) showed a current density of 67.9% and 2.72 
electrons. Similarly, the sample with Zn0.54Mn0.72Co1.23Ca0.48O4
formula exhibited a current density of 65.6% and 2.76 elec-
trons. These results seem to evidence that a large amount of 
calcium in the structure is detrimental for the electrocatalytic 
performance, with a low electron number that indicates that 
a two-electron process is dominant. However, we found that a 
fine adjustment of the oxide composition results in a signifi-
cant improvement in current density. Thus, the oxide with 
Zn0.48Mn1.41Co0.99Ca0.09O4 formula (table 1, entry 10) demon-
strated the best behavior among all the seventeen tested ma-
terials, with a current density of 97.2% and an electron trans-
fer number of 3.92. This value is among the best obtained for 
spinel oxides employed as ORR electrocatalysts without addi-
tional processing or composite fabrication.
Entry
Molar Code
MOF formula Spinel formula Ne
Current 
density 
(%)Zn Mn Co Ca
1 1 1 8 0 Zn0.22Mn0.32Co0.46(hfipbb) Zn0.66Mn0.96Co1.38O4 2.88 67.9
2 1 3 9 0 Zn0.12Mn0.42Co0.46(hfipbb) Zn0.36Mn1.26Co1.38O4 3.81 73.8
3 1 4 4 0 Zn0.23Mn0.44Co0.33(hfipbb) Zn0.69Mn1.32Co0.99O4 3.03 70.6
4 1 4 6 0 Zn0.17Mn0.41Co0.42(hfipbb) Zn0.51Mn1.23Co1.26O4 3.09 71.7
5 1 6 12 0 Zn0.12Mn0.39Co0.49(hfipbb) Zn0.36Mn1.17Co1.47O4 3.06 63.4
6 1 10 20 0 Zn0.10Mn0.40Co0.50(hfipbb) Zn0.30Mn1.20Co1.50O4 3.56 86.6
7 1 12 6 0 Zn0.17Mn0.45Co0.38(hfipbb) Zn0.51Mn1.35Co1.14O4 3.80 91.4
8 1 1 1 1 Zn0.42Mn0.42Co0.11Ca0.06(hfipbb) Zn1.26Mn1.26Co0.33Ca0.18O4 3.10 102.3
9 1 1 7 1 Zn0.13Mn0.27Co0.52Ca0.03(hfipbb) Zn0.39Mn0.81Co1.56Ca0.09O4 3.64 73.4
10 1 4 4 1 Zn0.16Mn0.47Co0.33Ca0.03(hfipbb) Zn0.48Mn1.41Co0.99Ca0.09O4 3.92 97.2
11 1 1 4 4 Zn0.18Mn0.24Co0.41Ca0.16(hfipbb) Zn0.54Mn0.72Co1.23Ca0.48O4 2.76 65.6
12 1 4 4 4 Zn0.24Mn0.37Co0.31Ca0.08(hfipbb) Zn0.72Mn1.11Co0.93Ca0.24O4 3.91 79.9
13 1 4 1 4 Zn0.32Mn0.40Co0.15Ca0.12(hfipbb) Zn0.96Mn1.20Co0.45Ca0.36O4 3.06 80.3
14 1 2 2 4 Zn0.27Mn0.34Co0.26Ca0.12(hfipbb) Zn0.81Mn1.02Co0.78Ca0.36O4 3.41 72.9
15 1 4 4 8 Zn0.21Mn0.27Co0.30Ca0.22(hfipbb) Zn0.63Mn0.81Co0.90Ca0.66O4 2.72 67.9
16 0 1 1 0 Mn0.41Co0.59(hfipbb) Mn1.23Co1.77O4 3.22 75.7
17 0 1 2 2 Mn0.23Co0.50Ca0.27(hfipbb) Mn0.69Co1.50Ca0.81O4 3.82 87.2
18 Pt/C(20%W) 3.67 100
FIGURE 6. Ternary composition graph of zinc-manganese-
cobalt spinels showing A) transferred electron number (n) and 
B) current density (j).
Both long term stability and methanol tolerance are important 
drawbacks of commercial Pt-based catalysts.39 Thus, in order 
to compare our results, we also studied stability as well as tol-
erance towards methanol crossover of the spinel oxides show-
ing the best catalytic activity. Stability was evaluated by per-
forming a chronoamperometry in saturated O2 KOH 0.1 M 
electrolyte at 1600 rpm for 5000 s. The results show that all the 
new materials outperform Pt based catalyst in stability terms 
showing a slight current attenuation of less than 8% (figure 
7b). The methanol crossover test also showed that for all 
tested spinel oxides, the current is altered in less than a 4% 
after the addition of methanol. In contrast, methanol addition 
when using the commercial Pt/C catalyst promoted a sharp 
drop of the current response of ca. 70% (Figure 7b).
FIGURE 7. Results of the electrocatalytic ORR study. com-
paring commercial Pt/C (20%) (black), and spinels with com-
position Zn0.36Mn1.26Co1.38O4 (green), Zn0.51Mn1.35Co1.14O4
(pink), Mn0.69Co1.50Ca0.81O4, Zn0.72Mn1.11Co0.93Ca0.24O4 (yellow) 
and Zn0.48Mn1.41Co0.99Ca0.09O4 (blue), A) Comparison of ORR-
LSV curves of mixed-metal spinel type oxides prepared from 
multi-metal MOFs in a O2-saturated 0.1 M KOH solution 
stirred at 2000 rpm; B) Comparison of methanol crossover in 
a O2-saturated in 0.1 M KOH electrolyte stirred at 1600 rpm 
with methanol injection at 600s.
SUMMARY
In summary, new isoreticular MOFs with different arrange-
ments of up to four metal-cations have been realized through 
the adjustment of the selected molar codes. The resulting 
metal ratios are preserved through the MOF calcination pro-
cesses, resulting in the ability to program new compositions 
in spinel type oxides, as proved with the 17 new multi-metal 
oxides prepared and characterized. We show that the incor-
poration of multiple metal elements results in a complex in-
terplay, where small modifications in metal ratios strongly in-
fluence the electrocatalytical activity in the oxygen reduction 
reaction, both in terms of current density, and number of 
transferred electrons.  Thus, the material with composition 
Zn0.48Mn1.41Co0.99Ca0.09O4 that is programmed from a MOF 
prepared from a Zn:Co:Mn:Ca 1:4:4:1 molar code, achieves a 
current density that is 97.2% that of commercial Pt/C(20%W) 
catalyst, with a 3.92 electron process. These results demon-
strate the potential to program and attain new compositions 
through the selection of adequate molar codes in complex 
multi-metal MOFs.
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